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Abstract
This report describes the variability in family-level benthic-invertebrate population data and the reliability of the data as a water-quality indicator for 11 fixed surface-water sites in the Western Lake Michigan Drainages study area of the National Water-Quality Assessment Program. Benthic-invertebrate-community measures were computed for the following: number of individuals, Hilsenhoff's Family-Level Biotic Index, number and percent EPT (Ephemeroptera, Plecoptera, and Tricoptera), Margalef's Diversity Index, and mean tolerance value. Relations between these measures and environmental setting, habitat, and of chemical water quality are examined.
Benthic-invertebrate communities varied greatly among fixed sites and within individual streams among multiple-reach and multiple-year sampling. The variations between multiple reaches and years were sometimes larger than those found between different fixed sites. Factors affecting benthic invertebrates included both habitat and chemical quality. Generally, fixed-site streams with the highest diversity, greatest number of benthic invertebrates, and those at which community mea sures indicated the best water quality also had the best habitat and chemical quality.
Variations among reaches are most likely related to differences in habitat. Variations among years are most likely related to climatic changes, which create variations in flow and/or chemical quality. The variability in the data analyzed in this study shows how benthic invertebrates are affected by differences in both habitat and water quality, making them useful indicators of stream health; however, a single benthic-invertebrate sample alone cannot be relied upon to accurately describe water quality of the streams in this study. Benthicinvertebrate data contributed valuable information on the biological health of the 11 fixed sites when used as one of several data sources for assessing water quality.
INTRODUCTION
In 1991, the U.S. Geological Survey (USGS) began full-scale implementation of the National Water-Quality Assessment (NAWQA) Program. The objectives of the NAWQA Program are to (1) describe current waterquality conditions for a large part of the Nation's fresh water streams, rivers, and aquifers, (2) describe trends in water quality over time, and (3) improve understand ing of the primary natural and human factors that affect water-quality conditions (Gilliom and others, 1995; Hirsch and others, 1988 ). This information is useful for planning future management actions and examining their likely consequences. More than 50 study areas have begun activities on a staggered time scale. The Western Lake Michigan Drainages (WMIC) was selected as one of the 20 study areas in which data collection and analysis began in 1991.
One of the major goals of the NAWQA program is to develop a better understanding of the interaction among physical, chemical, and biological characteris tics of streams in selected environmental settings (Gurtz, 1994) . Ecological studies are included in the NAWQA program to provide data on biological com munities that contribute to the understanding of this interaction. Aspects of the NAWQA ecological studies include (1) understanding how biological communities and stream habitat differ among selected environmental settings, (2) identifying physical and chemical charac teristics that influence biological communities, (3) understanding how spatial scales affect relations between physical, chemical, and biological characteris tics, and (4) understanding how biological communities affect physical and chemical characteristics (Gurtz, 1994) . Stream-habitat characteristics, collected at a variety of spatial scales, are useful in expanding the understanding of how physical, chemical, and biologi cal characteristics interact.
Western Lake Michigan Drainages Study Area
The Western Lake Michigan Drainages study area ( fig. 1) The overall population in the study area is 2,435,000 (U.S. Bureau of Census, 1991). The major cities and their populations are Milwaukee, 628,000; Green Bay, 96,000; Racine, 84,000; Kenosha, 80,000; and Appleton, 66,000. Urban land use accounts for less than 4 percent of the study area. Agriculture makes up 37 percent of the land use in the basin and is devoted almost exclusively to cropland and pasture for dairy production. About 40 percent of the study area is for ested; most forested areas are in the northwest part of the study area. Wetlands account for 15 percent of the land use in the study area. Lake Winnebago, a 55,442 hectare lake in the Fox River Basin, is a major surfacewater feature of the study area.
Study Design
The WMIC study area was subdivided into 28 envi ronmental settings, called relatively homogeneous units (RHU's), on the basis of bedrock geology, texture of surficial deposits, and land use/land cover which are believed to influence water quality. Eleven fixed stream sites ( fig. 2 ) were established to represent status of and trends in water quality in the WMIC. Eight of the 11 sites were chosen to represent the water quality of one specific RHU. These fixed sites are referred to as "indi cator sites" because the water quality at these sites is assumed to be indicative of the average condition for the RHU in which the entire drainage basin for each site is located. The other three sites were chosen to represent a large proportion of the water leaving the WMIC study area (Robertson and Saad, 1995) . These fixed sites are referred to as "integrator sites" because the drainage basin for each contains more than one RHU, thereby integrating the effects of several land uses, surficial deposits, or geology types. Three sites, two indicator and one integrator, were selected for frequent and exten sive surface-water sampling and are referred to as "intensive" fixed sites. General descriptions and selected information on the environmental setting of the fixed sites is available in Sullivan and others (1995) .
Benthic-invertebrate samples were collected at multiple reaches and in multiple years at the 11 fixed sites as one part of multi-metric water-quality assess ment at these sites. Benthic-invertebrate samples and additional data including streamflow, water chemistry, organic compounds and trace elements in streambed sediment and biological tissues, fish and algal commu nities, and stream habitat were collected at the 11 fixed sites from March 1993 through June 1995. Some selected information on the environmental setting of fixed sites can be found in table 1. This investigation discusses the variability of benthic-invertebrate populations in different streams, reaches, years, and environmental settings, and a gen eral assessment of water quality based on benthic-inver tebrate-community measures at each site. Additional biological investigations in this series of fixed-site stud ies focused on the interaction of water quality, stream habitat, fish populations, and algal communities (Fitz patrick and Giddings, 1995; .
Purpose and Scope
This report provides information on the spatial and temporal variability of benthic-invertebrate communi ties at 11 fixed stream sites in the WMIC study area. The distribution, relative abundance, and community structure of the benthic invertebrates of these streams are discussed on the basis of samples collected at spe cific stream reaches described by Sullivan and others (1995) . Information provided for macroinvertebrate communities includes richness measures, enumeration, and biotic indices of these invertebrate populations. Effects of environmental setting, habitat, and water quality on benthic-invertebrate communities and the usefulness of the invertebrate communities as waterquality indicators is discussed.
The benthic-invertebrate information included in this report represents only part of the biotic information Figure 2 . Boundaries of relatively homogeneous units (RHU's) in the Western Lake Michigan Drainages study unit and location of fixed sites. 
Relatively Homogeneous Unit (RHU) and number
Mean discharge for station 04062085 was calculated from drainage-area ratio and discharge record from station 04062100 (66.5 mi 2 drainage area).
2 Mean discharge for station 04072050 was calculated from drainage-area ratio and discharge record from station 04072150 (108 mi 2 drainage area).
3 Mean discharge calculated from average of monthly mean discharge owing to missing record. INTRODUCTION collected at these streams in the WMIC study area of the NAWQA program. Other information collected to assess the water quality of these fixed stream sites includes environmental settings, habitat, water chemis try, and algal and fish community data and appear in additional reports in this series.
METHODS AND MATERIALS
Collection of Benthic Invertebrates
Benthic invertebrates were collected from eight wadeable and three nonwadeable streams. The eight wadeable streams were sampled in the spring of 1993, 1994, and 1995 for multiple-year comparisons with the same reaches being sampled each year at approximately the same time of year. In 1994, at three of these wade able streams, samples were collected at three reaches to compare within-stream variation. The three nonwade able streams were sampled at one reach in the spring of 1995. Sample procedures and protocol remained the same throughout the study to allow for among-stream, -year, and -reach comparisons.
Sampling Gear and Techniques
Benthic-invertebrate samples were collected from habitat most likely to have the greatest variety and quantity of organisms, usually the largest two riffles in each stream reach. A riffle was considered to be the part of the stream where the water flows swiftly over com pletely or partially submerged coarse substrate that pro duce surface agitation. Samples were collected from locations within the riffle where the greatest number and diversity of invertebrates in the reach were most likely to be found, as inferred by substrate, water depth, flow, and canopy cover. Sample locations generally had an open canopy, gravel or cobble substrate, the highest flow velocities in the riffle, and water depth sufficient to remain submerged during low flows.
Samples were collected according to the NAWQA protocol as defined by Cuffney and others (1993a,b) . Data from 10 of the 11 streams in this report came from kick samples collected by use of a modified Slack sam pler (425-µm mesh). One stream-reach sample con sisted of a composite of six kick samples-three each collected at an upstream and downstream riffle in the same reach-which were processed and identified as one sample. Distances between kick samples in the same riffle were rarely greater than 5 m. The sample area for each kick sample was 0.5 m by 0.5 m (depth 0.1 m). According to protocol, the 1995 Fox River sam ple was collected by means of artificial substrate (rock baskets) owing to the lack of natural coarse-grain sub strate and snags at this nonwadeable site.
Sample Preservation and Identification
Samples were processed in the field in accordance with the NAWQA protocol. Composite samples were reduced in the field by swirling and sieving (425-µm mesh sieve) until sample volumes were less than 750 mL. Samples were preserved in the field in 10 per cent buffered formalin, and within 3 days they were drained and refilled with 70 percent ethanol and stored until they could be shipped to the USGS laboratory for identification. Benthic-invertebrate enumeration and taxonomic identifications were done by the USGS National Water Quality Laboratory, Biological Unit, at Arvada, Colo., using methods described by Cuffney and others (1993b) . All benthic invertebrates collected were processed.
Determination of Benthic-InvertebrateCommunity Measures
Benthic-invertebrate measures were calculated by use of a program created at the University of Wiscon sin-Stevens Point (http://www.uwsp.edu/acad/cnr/bio monitoring/index3.htm). A detailed accounting of the calculation of these measures can be found in Rheaume and others (1996) . Only measures that use taxonomic identifications of family level or higher are discussed in this report because much of the taxonomic data for this report is identified only to the family level. Data on community structure of aquatic arthropods collected from the 11 streams are summarized in tables 2-5.
BENTHIC-INVERTEBRATE COMMUNITIES AT FIXED SITES
The invertebrates collected at each of the 11 fixedsite streams were identified to the lowest taxonomic level possible (table 6, at back of report). Most major aquatic invertebrate taxa common to Wisconsin were represented in the 11 fixed-site stream samples; 54 families within 14 orders were identified. Tri choptera was the best-represented order (13 families), followed by Chironomidae (10 families), and Ephemeroptera (9 families). Chironomidae was the most abundant family in terms of numbers of individu als in the sample (46 percent of the total). Taxonomic population data were used to calculate common quantitative community measures. Variability observed among fixed sites, difference among multiplereach data at specific fixed sites, and difference in the data from three years of sampling were analyzed by comparing presence/absence data for benthic-inverte brate families and by statistical comparison of selected invertebrate measures using Kruskal-Wallis and Tukey tests (Iman and Conover, 1983) .
Invertebrate measures calculated for this study include count (per area) (Weber, 1973; Resh and Grodhaus, 1983 ), Hilsenhoff's Family-Level Biotic Index (FBI) (Hilsenhoff, 1988) , number and percent Ephemeroptera, Plecoptera, and Trichoptera (EPT) (Lenat, 1988 ), Margalef's Diversity Index (MDI) (Margalef, 1969; Rosenberg and Resh, 1993) , and average tolerance value (Lillie and Schlesser, 1994) .
Variability Among Fixed Sites
The total number of families identified in any one sample ranged from 2 at Lincoln Creek in 1995 to 26 at Tomorrow River in 1993 and at Popple River in 1994. The total number of families identified at individual streams throughout the study ranged from 5 at Lincoln Creek to 33 at Peshtigo River (table 2) . No individual sample collected from the streams in this study contained every family found at that stream. Any one individual sample contained as few as 45 percent to as many as 88 percent of all families found at that stream during this study.
Invertebrate measures consistently indicated Peshekee River, Popple River, Tomorrow River, and North Branch of Milwaukee River had the best water quality of the fixed-sites samples. FBI values, which are based on the benthic-invertebrate populations' toler ance to organic pollution and the associated drop in dis solved oxygen, classify the water quality of these streams in a range from excellent (0.00-3.75) to very good (3.76-4.50) (Hilsenhoff, 1988) . Ephemeroptera, Plecoptera, and Trichoptera (EPT), which are known to be intolerant to pollution, were present in high numbers at these sites. The high numbers of individuals and fam ilies collected, as well as higher MDI values, show strong overall abundance and diversity in the benthicinvertebrate populations of these streams. These streams drain both agricultural and forest land with loam, sand, or sand and gravel surficial deposits.
Invertebrate measures for Lincoln Creek, East River, and Milwaukee River indicate the poorest water quality of sites in the study. FBI values classify the water quality in these streams as very poor (10.00-8.51) to fair (5.51-6.50). Few or no pollution-intolerant EPT taxa were found in these streams, total numbers of indi viduals were low, and diversity was low; all these mea sures indicate that the benthic invertebrates in these streams have been negatively impacted. These streams drain agricultural and urban land with clay surficial deposits (table 3) .
Multiple-Reach Variability
Three streams were sampled at three different reaches in 1994. The variability in multiple-reach sam ples differed among rivers. Eight of the 17 (47 percent) families identified in samples from Duck Creek, 16 of the 24 (67 percent) families in samples from Tomorrow River, and 16 of the 23 (70 percent) families in samples from North Branch of the Milwaukee River were iden tified in every reach sampled. Invertebrate samples from a single reach contained as few as 59 percent to as many as 96 percent of the families identified in all sam ples from multiple reaches of the respective rivers (table 2, fig. 3 ).
Between reach variability in calculated community measures was greatest for the Tomorrow River. The greatest variation was in number of individuals, which ranged from 180 in reach A to 7,861 in reach B. Each reach sampled in the Tomorrow River was dominated by a different family (table 4) .
Enumeration measures such as number of individ uals, number of families, and number of EPT varied as much between samples from multiple reaches in the same stream as they did between samples from different streams. FBI and mean tolerance value were the only measures that varied less between reaches than between streams based on Kruskal-Wallis tests (p<0.05). Mean tolerance was the only measure with statistically signif icant differences between streams in Tukey tests mak ing it the only benthic-invertebrate-community measure that indicated differences in water quality at the three fixed sites using multiple-reach sampling. 
Multiple-Year Variability
Benthic-invertebrate collections were made at eight wadeable fixed sites during three consecutive years at approximately the same date each year. The number and types of families collected from a site tended to vary from year to year. At a given site, a single yearly sample contained as few as 36 percent and as many as 96 percent of all the families identified in all samples at that site. The consistency at which families were identified in samples also varied. Two of the eleven (18 percent) families in samples from East River were identified all three years while 15 of the 27 (55 percent) families in samples from Tomorrow River were identified all three years. Other families were identified in only one or two of the years (table 2, fig. 4 ).
No one fixed site had significantly greater multi ple-year variations in community measures than another. The benthic-invertebrate measures for number of individuals, number of families, and FBI value show statistically significant differences between sites based on Kruskal-Wallis tests (p<0.05). Additional analysis with Tukey tests show these differences to be statisti cally significant only between some of the fixed sites. The sites with significant differences also had the great est difference in chemical water quality and habitat. Kruskal-Wallis tests show variation in the values of EPT enumeration, EPT percent, and MDI are as great between years as between sites (p>0.05). Tomorrow River was the only stream dominated by a different family each year (table 5) .
RELIABILITY OF BENTHIC INVERTEBRATE DATA AS A WATER QUALITY INDICATOR AT FIXED SITES
The variability of the invertebrate measures, along with taxa presence, distribution, and abundance are dis cussed in the following paragraphs with reference to how they were affected by environmental setting, habi tat, and chemical water quality. Chemical water-quality and habitat data for fixed sites were taken from Sullivan and others (1995) (table 7, at back of report) and from Fitzpatrick and Giddings (1995) 
Factors Affecting Variability in Invertebrate Communities Among Fixed Sites
Variability in benthic-invertebrate populations at fixed sites can be influenced by differences in chemical water quality, available habitat, and flow variability. Variations in sample collection method or analysis pre cision can also cause variations in the data.
The fixed-site streams where benthic-invertebrate measures indicated the best water quality were Popple, Peshekee, and Tomorrow Rivers. These streams have been rated excellent by overall Great Lakes Environ mental Assessment Section (GLEAS) habitat scores, (Michigan Department of Natural Resources, 1991) had low erodability and embeddedness scores, and all main tain consistent year-round base flows. These three streams drain mainly forested land; however, Tomorrow River also drains a considerable amount of agricultural land, mostly in parts of the basin away from the river. These three streams have the lowest average phospho rus, nitrite plus nitrate, and ammonia concentrations of the fixed sites (tables 7 and 8).
The fixed-site streams where benthic-invertebrate measures indicated the poorest water quality were Lin coln Creek and East River. These streams have been rated fair by GLEAS habitat scores and are more erod ible and embedded than other fixed-site streams. Both basins have clay surficial deposits and highly variable flow regimes that include periods of extremely low flow. These streams also had the highest average spe cific conductance and ammonia concentration of the fixed sites (tables 7 and 8).
Factors Affecting Multiple-Reach Variability in Invertebrate Communities
Although many of the same common benthicinvertebrate taxa were found in all three reaches of a particular river, taxa number and (or) type of taxa col lected differed among reaches at all three streams. Mea sures associated with invertebrate sensitivity to water quality, such as FBI, appear to be less variable than enu meration measures for multiple-reach sampling. Most taxa in the stream, regardless of family, had similar tolerances to increased concentrations of organic pollut ants and the associated decrease in dissolved oxygen.
Variations in benthic-invertebrate-community measures between reaches could be attributed to the preference of benthic invertebrates for certain habitat and flow characteristics. Numerous microhabitats are present in all streams. Some streams, such as the Tomorrow River, have highly varied types of substrate, vegetation, canopy cover, and flow within a single reach. Picking a representative sampling location that includes all microhabitats in a reach is difficult if not impossible. An effort was made to minimize variation by selecting a representative reach and by compositing six riffle samples from different locations in the reach.
Although the type and number of benthic inverte brates collected from multiple reaches varied, the asso ciated tolerance to organic pollution of those inverte brates that were collected tended to be fairly similar. This relation was observed in past studies as well (Lenz and Miller, 1995; Rheaume and others, 1996) , an indi cation of the strength of these tolerance-based measures in predicting water quality at the fixed sites.
The choice of sample location and the homogeneity of the stream can affect how representative a single benthic-invertebrate sample is of the overall population in the stream and result in variations between multiple samples.
Factors Affecting Multiple-Year Variability in Invertebrate Communities
Invertebrates were collected near the same date each spring to minimize variance associated with emer gence and differences in instars (life stages between molts). Because different species of invertebrates emerge from the river as adults to mate and reproduce at different times, young instars are not present or are not identifiable at certain times. Hence, the population of the benthic-invertebrate community that can be col lected and identified changes throughout the year.
Yearly variations in temperature and streamflow can affect when invertebrates emerge and the success of individual species' reproduction that year. Emergence dates may be a function of degree days and/or flow rather than calendar days (Hilsenhoff, 1988 ). An unusu ally warm, cold, wet, or dry spring may shift the emer gence cycle of a river and cause variations in the invertebrate community sampled, even when collection occurred near the same calendar day each year. Weather patterns throughout the year can affect the survival rates of the adults and the instars. Dry conditions and result ing low flows can expose critical riffles, whereas a large rain event and resulting high flow can scour the channel and wash invertebrates out of riffles. The amount of sur face-water runoff and the organic contaminants associ ated with it vary yearly and can have a significant effect on benthic-invertebrate populations in streams.
Streams in this study had unusually high flows in 1993 because of the unusually wet Midwestern summer. In contrast, parts of the Pensaukee River (mostly riffles) were dry in 1995 because dry weather conditions were compounded by newly constructed beaver dams upstream from the sampling reach. These and other variations in runoff, flow, and associated change in water quality likely caused much of the variability seen in multiple-year samples at the sites.
SUMMARY
Benthic invertebrates were one of several waterquality indicators for which data were collected as part of the USGS NAWQA program in the WMIC study area; other data collected include those on chemical water quality, stream habitat, and fish and algal commu nities. Benthic-invertebrate populations vary between streams, reaches on a given stream, years, and environ mental settings, but can be a good indicator of a stream's general health.
Benthic-invertebrate samples were collected at eight wadeable fixed sites once a year for three years; at three of these sites, multiple-reach samples were col lected. Three nonwadeable streams were sampled once in 1995. Most dominant aquatic invertebrates common to Wisconsin were represented in the 11 fixed-site stream samples; 54 families within 14 orders were iden tified. The results of the sampling were analyzed for variability among streams, reaches, and years.
In all cases, sampling in multiple reaches or in mul tiple years resulted in more invertebrate families being identified at a given stream than would have been iden tified in a single sample, a single year, or a single reach. Any one benthic-invertebrate sample identified as many as 88 percent (North Branch Milwaukee River, Reach A, 1994 ) and as few as 45 percent (Duck Creek, Reach A, 1994) of all the families found in that river during this study. The percentage of families identified every year during multiple-year sampling ranged from 55 per cent at Tomorrow River to 18 percent at East River. The percentage of families identified in every reach during multiple-reach sampling ranged from 70 percent at the North Branch of the Milwaukee River to 47 percent at Duck Creek.
Benthic-invertebrate communities and measures of these communities varied among fixed sites. Factors affecting benthic-invertebrate samples included habitat, chemical water quality, and flow variability. Generally, fixed-site streams containing the highest number of invertebrate families intolerant to organic pollution, and the highest invertebrate diversity were those fixed sites with the best habitat and chemical water quality.
Benthic-invertebrate communities and community measures at individual streams also varied among reaches and years. Variations among multiple reaches and years were larger than those found between differ ent fixed sites in some cases. Mean tolerance value was the only benthic-invertebrate-community measure that indicated statistically significant differences in water quality at the three fixed sites using multiple-reach sam pling. Number of individuals, number of families and FBI value all indicate statistically significant differ ences in water quality only between some of the multiple-year sampling sites-those which also had the greatest difference in water quality and habitat. The values of EPT enumeration, EPT percent, and MDI varied as much between years as between sites during multiple-year sampling.
The variations in benthic-invertebrate communities found in this study show how benthic invertebrates are affected by changes in both habitat and chemical water quality. Variation among years can most likely be attrib uted to climatic changes causing variations in flow and (or) chemical water quality, whereas variation between reaches is likely due to habitat variations. Major differ ences between fixed sites with significantly different chemical water quality, habitat, or environmental set ting can be distinguished by use of benthic-invertebrate data; however, a single benthic-invertebrate sample cannot, alone, be relied upon to accurately describe water quality at the streams in this study. Benthic-inver tebrate data contributed valuable information on the biological health of the 11 fixed sites when used in con junction with other data sets to assess overall water quality.
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